The orientation dependence of the austenite-to-martensite transformation during uniaxial tensile testing was modelled using the phenomenological theory of martensite crystallography and the mechanical driving force. It was validated experimentally by means of electron backscatter diffraction measurements on a pre-defined zone of a quenched and partitioned steel during interrupted tensile tests. A close match is obtained between the predictions of the model and the experimental observations.
Introduction
Since the end of the last century, transformation-induced plasticity (TRIP) steels have emerged on the market, as they exhibit an excellent balance between strength and ductility. This combination of properties is a result of the transformation of retained austenite to martensite during straining, which is referred to as the TRIP effect. The ability of the retained austenite to transform during deformation is affected by many factors, such as (i) the local carbon content of the austenite (van Dijk et al., 2005; Blondé et al., 2012) ; (ii) the grain size of the retained austenite (Jimenez-Melero et al., 2007) ; (iii) its morphology (Xiong et al., 2013) ; (iv) the constraining effect of the phases surrounding the austenite (Timokhina et al., 2004; Jacques et al., 2001) ; and (v) its crystallographic orientation (Blondé et al., 2012; Kruijver et al., 2003; Muransky et al., 2008; Hilkhuijsen et al., 2013; Liu et al., 2011; Hilkhuijsen, 2013) . The influence of austenite orientation on transformation stability is generally attributed to an orientation-dependent mechanical driving force Creuziger & Foecke, 2010; . Under mechanical load, austenite grains with higher driving forces transform preferentially, which can be observed in the evolution of the austenite texture after deformation.
However, dislocation glide and mechanical twinning during deformation can also lead to rotation of the austenite grains (Tirumalasetty et al., 2012) , whereby the stored plastic energy may contribute to the mechanical driving force. In this study, the orientation dependence of the austenite-to-martensite transformation under tensile loading was investigated by both simulation and direct observation of the microstructural response. This was achieved by carrying out stepwise uniaxial microtensile tests along the transverse direction of a rolled steel sheet, combined with electron backscatter diffraction (EBSD) measurements on a pre-selected region.
Experimental procedure
The studied material contained 0.25 wt% C, 1.5 wt% Si and 3 wt% Mn and it was subjected to quenching and partitioning (Q&P) heat treatment. The Q&P process is a two-step heat treatment. The first step (quenching) consists of a full or partial austenization, followed by quenching to a pre-determined temperature between the martensite start (M s ) and finish (M f ) temperatures. Immediately after quenching, the microstructure consists of controlled fractions of martensite and austenite. The second step, referred to as the partitioning stage, consists of isothermal holding at either the quench temperature or an increased temperature to promote carbon diffusion. This step induces carbon depletion of the martensite and diffusion into the untransformed austenite, resulting in its stabilization (Speer et al., 2005) . After final quenching to room temperature, the microstructure contains ferrite (in the case where austenization occurs in the intercritical temperature interval), retained austenite and martensite. In the case where austenization is complete, the microstructure contains only martensite and retained austenite.
After Q&P treatment, there are two different types of martensite present -tempered martensite, obtained in the first quenching stage, which is tempered during the subsequent partitioning, and fresh martensite, which is formed during final quenching in the case of incomplete stabilization of the untransformed austenite. In this work, a process of full austenization at 1123 K for 1 min, quenching to 497 K and partitioning at 673 K for 500 s was applied in order to stabilize all the available austenite. This annealing treatment produced a microstructure consisting only of tempered martensite and 13.6% of retained austenite.
Controlled uniaxial deformation was applied on a Deben Microtest 5000 N tensile stage device at a constant crosshead speed of 0.5 mm s À1 , controlled with the Microtest software (Deben, Bury St Edmunds, UK). The uniaxial extension was evaluated by measuring the distance between two micro-Vickers indents after each loading step, using optical microscopy. Sample preparation consisted of mechanical grinding and polishing, following the standard procedure for EBSD sample preparation (Guesnier, 2010) . The sample was analysed on an FEI QUANTA 450 field emission gun scanning electron microscope equipped with a Hikari EBSD detector operated with the TSL-OIM software (TexSEM Laboratories-EDAX, Mahwah, NJ, USA). The data were acquired with an accelerating voltage of 20 kV, a working distance of 16 mm, a tilt angle of 70 and a step size of 60 nm on a hexagonal scan grid. The orientation data were post-processed with the TSL-OIM Analysis software (Version 6.2; TexSEM Laboratories-EDAX). The post-processing of the raw orientation data can be followed step-by-step in the combined greyscale confidence index (CI) maps and colour-coded phase maps . In these maps, the martensite appears in blue and retained austenite in yellow, and all pixels are on a greyscale according to their CI -black if the CI is 0 and white if the CI is 1.
The raw orientation data are shown in Fig. 1(a) , and the changes in the orientation maps after each cleaning step are illustrated in Figs. 1(b)-1(d). First, a 'CI standardization', with a minimum grain size of four pixels or 1.44 mm 2 , is applied. This clean-up algorithm changes the CI of all points in a grain to the maximum CI found among all points belonging to that grain, as illustrated in Fig. 1(b) . Afterwards, the 'neighbour CI correlation algorithm' is employed, which implies that if a particular point has a CI below 0.1 then the CIs of the nearest neighbours are checked to find the neighbour with the highest CI. The orientation and CI of the particular point are reassigned to match the orientation and CI of the neighbour with the maximum CI (see Fig. 1c ). Finally, if the majority of neighbours of a particular grain smaller than four pixels with a grain tolerance angle of 5 belong to the same grain, then the orientation of the particular grain is changed to match that of the majority grain, i.e. a 'grain dilation' algorithm is applied (see Fig. 1d ).
After applying these post-processing steps, inverse pole figure maps of the retained austenite were plotted using a colour code that represents the crystallographic orientation of the sample transverse direction (TD). The inverse pole figures are derived from calculated orientation distribution functions (ODFs), which were obtained by superimposing Gaussian peaks with half-widths of 5 on the orientation of each pixel in the scan. The series expansion method (with L max = 16) was employed for representing each ODF. The inverse pole figures indicate the crystal direction that is aligned with the TD of the sample reference direction, corresponding to the tensile axis.
Simulation results
To simulate the transformation potential for different austenite orientations, the phenomenological theory of martensite crystallography (PTMC) Bhadeshia, 2001 ) was employed to calculate the shape deformation associated with martensitic formation. According to this theory, volume and shape changes are accomplished by a combination of three displacements: a lattice-invariant shear, a Bain strain and a rigidbody rotation. The model fully determines the crystallographic orientation relation between the parent austenite and the product martensite phase by the lattice-invariant shear and the Bain strain. This implies that the orientation relationship is of an irrational nature and cannot readily be expressed as an ideal crystallographic relationship of the Kurdjumov-Sachs, Nishiyama-Wassermann or Greninger-Troiano types.
The Bain strain results from the correspondence between the initial and final lattices and their lattice parameters. In this study, the Bain correspondence (i. (Sandvik & Wayman, 1983) may also be used. The lattice parameters of austenite (a = 3.591 Å ) and martensite (a = c = 2.875 Å ) were taken from experimentally measured data (Breedis & Wayman, 1962) , which were used to The clean-up procedure, illustrated with the phase map (austenite in yellow, martensite in blue) superimposed on the confidence index (CI), whereby the highest CI is transparent and the lowest is black. (a) Raw data, (b) after CI standardization with a grain tolerance angle of 5 and a minimum grain size of four pixels, (c) after neighbour CI correlation with a limitation of 0.1, and (d) after grain dilation with a grain tolerance angle of 5 and a minimum grain size of four pixels. simulate the formation of lath martensite (Sandvik & Wayman, 1983; Kelly, 1992; Miyamoto et al., 2009) .
The lattice-invariant shear can take place by single or double shear (Kelly, 1992; Ross & Crocker, 1970) . In the single-shear mode, the (112) [111] shear system in the martensite lattice is considered. In the double-shear mode, a pair of consecutive shears is allowed. Although the doubleshear mode is more flexible and able to predict a wider range of transformations, only the single-shear mode was employed in this study.
For any austenite orientation, because of cubic crystal symmetry, there are 24 variants of the product orientation. They are related to each other by symmetry operations . Each of them has a habit plane (the invariant plane), with a normal unit vector p i , and a displacement direction with unit vector d i and magnitude m. Therefore, the shape deformation can be expressed by a tensor
where I is the identity matrix of size 3. The projection of the deformation vector (md i ) onto the normal direction (p i ) results in the dilation part (" 0 = 0.02636 in this work), whereas its projection onto the habit plane gives the shear part ( 0 = 0.22421 in this work) of the shape deformation. In general, the shape strain of each transformation variant is calculated using the symmetric part of the displacement tensor:
The mechanical work of the transformation, U i , which is dependent on the austenite orientation and the stress state, can be derived from the scalar product of the applied stress and shape strain tensors (Hilkhuijsen, 2013; Hilkhuijsen et al., 2013; Creuziger & Foecke, 2010; as
where and " i are the applied stress and the shape strain, respectively, of each transformation variant. In the present model, the material was assumed to behave as a polycrystalline Sachs aggregate, which implies that the local stress state on the crystalline scale is identical to the macroscopically applied tensile stress. For simplicity, the macroscopic and isotropic yield stress of the material was applied to all austenite orientations. The magnitude of this applied stress was normalized to 1, since the main focus of this study is on the anisotropy of the mechanical work, with the purpose of differentiating between the behaviours of different crystal orientations. Among the 24 possible variants, that with the highest value of mechanical work was chosen as the one selected for transformation. Because of the normalization of the stress, the transformation potential P can be expressed as a dimensionless value:
To obtain the distribution of the mechanical driving force, the calculation procedure described above was applied to all possible crystallographic orientations of the austenite, ignoring the size and shape of the grains. The distribution of the mechanical driving force can then be represented by contour plots in orientation space. This distribution is illustrated in Fig. 2 for the case of uniaxial tension along the TD of a rolled sample by three sections, ' 2 = 0 , ' 2 = 45 and ' 2 = 65 , of Euler space. All the important orientations in rolled and annealed face-centred cubic (f.c.c.) materials can be found in these sections. Orientations with low potentials are less likely to undergo the transformation to martensite than those with high potentials. Orientations with the highest potentials are located in the vicinity of the cube (0 , 0 , 0 ) and rotated Goss ( The distribution of the mechanical driving force for the martensitic transformation in orientation space. (a) ' 2 = 0 , (b) ' 2 = 45 and (c) ' 2 = 65 , with ten out of the 11 selected orientations projected onto the transformation potential maps (orientation 1 is located in another cross section). Low values of the modelled mechanical driving force correspond to low transformation potentials.
0.121 and 0.134, respectively. The cube orientation is frequently present in the textures of f.c.c. materials after conventional rolling and recrystallization annealing. By contrast, low potential orientations can be found near the brass (35 , 45 , 0 ) and copper (90 , 35 , 45 ) orientations, which are typical f.c.c. rolling components. These exhibit the lowest driving forces (0.034 and 0.059, respectively). Thus, the rolling texture components are less likely to undergo martensitic transformation than the recrystallization texture components.
The high potential orientations all have in common that the h010i crystallographic direction is nearly parallel to the TD, which was the loading axis of the present experiment ( Fig. 2a ). Since the dilation part contributes only 11.7% to the shape deformation, most of the work done by the transformation is carried out by the shear part on the habit plane. For the current martensitic transformation, the habit plane in the austenite reference system predicted by the model is (0.59424, À0.78271, 0.18507). This deviates by less than 1 from the (341) austenite plane. The smallest angle between this habit plane and the [010] direction is 38.5 , whereas the maximum shear stress direction in tension is inclined at 45 to the loading axis. Therefore, austenite grains that have a h010i direction misaligned by 6.5 with respect to the tensile axis have the greatest potential for transformation.
This calculation result for the distribution of the transformation potential is similar to those obtained in previous studies (Creuziger & Foecke, 2010; Hilkhuijsen, 2013) . However, there is an essential difference between the present analysis and those reported earlier. In the previous investigations, the transformation potentials pertaining to austenitic stainless steels and TRIP steels were the main focus. They both assumed that twinned martensite was being formed and included a calculation of the volume fraction of each variant in the twinned structure during simulations. This assumption and its implementation are appropriate for twinned and lenticular martensite, but this mechanism is unlikely to operate in lowcarbon steels, where dislocated lath martensite is generally observed. Therefore, in the current study, the lattice-invariant shear is assumed to take place entirely by dislocation glide. In this way, the volume fractions of the individual martensite variants were not evaluated, as no spatial coordinates, morphologies or other local factors influencing the stability were taken into account. The model is essentially restricted to predicting the transformation stability of particular orientations.
Experimental observations
The mechanical driving force for transformation during tensile testing associated with any austenite orientation can be readily derived from the model described above. The predictions of the model were evaluated by means of direct observations of transforming austenite orientations during interrupted tensile loading parallel to the TD. By progressively increasing the strain at which the orientation measurements were made, the orientation-dependent transformation rate was determined. As described above, the orientations with the highest mechanical driving forces were expected to transform first, and those with lower transformation potentials later or not at all. Owing to the nature of the model, the influence of local factors on the stability of the grains (which varies from grain to grain) was eliminated by studying all the grains of a given orientation and averaging the local effects in this way.
Inverse These reveal that the austenite orientations are plastically stable during tensile straining as they do not rotate drastically. This indicates that grain rotation makes only a minor contribution to the ductility of austenite compared with the martensitic transformation. Therefore, the original orientations of the austenite grains, as observed in the orientation imaging microscopy (OIM) scan prior to plastic deformation, can be employed for evaluation of the mechanical stability, i.e. for applied strains up to 12%.
To determine the transformation rate applicable to the various orientations, 11 representative austenite orientations (with a tolerance of 10 ) were selected for monitoring the area fraction evolution as a function of increasing strain. According to this procedure, all austenite grains of a given orientation contribute to the determination of the stability of this orientation, without the need to take the precise space coordinates of each grain into account. That is, each specific crystal orientation is taken to represent the behaviour of all the grains of that orientation in the microstructure. The transformation rates were defined as the transformed volume fraction per unit of applied strain (dimensionless), which corresponds to the average slope of the volume fraction curves. The negative sign of the transformation rate originates from the decrease in austenite fraction inherent in the TRIP phenomenon.
The experimentally measured transformation rates are plotted versus the calculated transformation potential in Fig. 4 . The 11 orientations are numbered in the chart; these were also identified on the transformation potential maps of Fig. 2 . For example, orientation 6 is associated with the highest driving force (as can be seen by its projection in the orange area of Fig. 2 ) and the highest transformation rate. The actual average austenite orientations defined by their Euler angles, the calculated transformation potential values and the experimental transformation rates for the studied orientations, numbered as displayed in Figs. 2 and 4, are given in Table 1 .
It is apparent that a linear relationship with a correlation coefficient of approximately 0.75 is obeyed. For this experiment, the grains were selected solely on the basis of their orientations, without considering other parameters that can affect local stability, such as local carbon content, grain size and morphology. However, the chosen orientations include a range of austenite grain sizes and morphologies. Hence, many of these other effects are expected to have been cancelled out, although they may explain the remaining scatter. In spite of the observed scatter, the data demonstrate the significant effect of crystal orientation on the transformation behaviour of residual austenite during tensile loading. The role of other local parameters remains to be verified quantitatively along the lines of that of crystallographic orientation.
Figure 4
Transformation potential versus experimental transformation rate of 11 randomly chosen orientations; the numbers identify the orientations that are projected onto the transformation potential map of Fig. 2 . Table 1 Average austenite orientations defined by their Euler angles, the calculated transformation potential values and the experimental transformation rates for the orientations numbered as in Figs. 2 and 4. 
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